[1] Over 3 years from 2006 to 2008 we conducted absolute gravity (AG) measurements at 6 sites in and around Glacier Bay (GB) in Southeast Alaska (SE-AK). At two of the 6 sites, AG measurements had been carried out in 1987 by a group from IGPP at UCSD. Mean gravity change rates (unit: mGal/yr, 1 mGal = 10 À8 ms
Introduction
[2] Since the 1990s, the geodesy and glaciology groups of the University of Alaska, Fairbanks (UAF) have developed a GPS network in Southeast Alaska (SE-AK) and the neighboring region of Canada (Figure 1) . One of the purposes of the GPS network is to study GIA (Glacial Isostatic Adjustment) processes in SE-AK. The vertical velocity distribution obtained from the network indicates that SE-AK shows rapid uplift rates up to 35 mm/yr, which are considered to be closely related to the wastage of the glaciers and icefields since the end of the LIA, including the effects of PDIMC [Larsen et al., 2004 , hereinafter referred to as GJI2004; Larsen et al., 2005 , hereinafter referred to as EPSL2005]. The main results of GJI2004 and EPSL2005, which were derived from the comparisons between the observed uplift rates and the model predictions and the study for the distribution of c 2 of the residuals (i.e., the differences of the observation to the model prediction) in the 2-parameter space of the lithospheric thickness and the asthenospheric viscosity, are; (1) the effects of unloading since the end of the LIA are the dominant contribution to the observed uplift rates, (2) there must be a low viscosity asthenosphere on the order of 3.7 Â 10 18 Pa s to 1.4 Â 10 19 Pa s beneath SE-AK and (3) the lithospheric thickness must be of 60-70 km. Sato et al. [2011] discussed the viscoelastic and elastic responses to the past and present-day ice changes based on 91 GPS velocity data, which combined the data previously published in GJI2004 and EPSL2005 with additional uplift rate data compiled after that time, and compared the PDIMC effects based on the ice rate model used in EPSL2005 (UAF05), and an ice rate model based on Larsen et al. [2007] (UAF07). Although the viscosity values obtained by Sato et al. [2011] are within the associated uncertainty, the estimated asthenospheric viscosity is slightly larger by a factor of 1.5 or more than the previous values. The most likely reason for the difference in the obtained viscosity values is probably to be found in the differences in the magnitude of the estimated PDIMC effects in the respective studies. Sato et al. [2011] also examined the sensitivity of the uplift rate data in SE-AK to the viscoelastic structures of the upper and lower mantles, 1 and they conclude that the data is insensitive to the lower mantle viscosity.
[3] A U.S.-Japan joint observation project called ISEA [Miura et al., 2007] was conducted during 5 years of 2006-2010. An AG network was established in 2006 by the project. The network consists of 6 sites in the GB area, SE-AK and in neighboring region of Canada. Details of the AG measurements by the ISEA project and the data processing are described by Sun et al. [2010] . The AG measurements provide useful data to discuss the long-term gravity changes, which should relate to the GIA processes, because the attraction part of the observed gravity changes is sensitive only to the effects of PDIMC and not to past mass changes. Therefore, there is a possibility to discuss the effects of the past and present ice mass changes more in detail by combining use the gravity data with the uplift data.
[4] Wahr et al. [1995] argued that the viscoelastic effects on the gravity rate due to such long-term deformations as Glacial Isostatic Adjustment (GIA) could be reduced by an order of magnitude by subtracting a term which is estimated from the product of the uplift rate multiplied by a coefficient of À0.154 mGal/mm, which is the sum of the Free-air gravity gradient of À0.308 mGal/mm and the Bouguer gravity gradient of 1/6.5 mGal/mm that is related to the flow of the heavy mantle material into the rebounding area [Fang and Hager, 2001] . Therefore, the remaining part of the observed gravity rates could be used to discuss the presentday thickness changes. James and Ivins [1998] applied the idea of Wahr et al. [1995] to predictions of Antarctic crustal motions driven by the PDIMC and by the GIA effects due to the LGM ice loss. Sun et al. [2010] used the similar approach to discuss the present-day ice thickness changes in SE-AK.
[5] AG measurements also were conducted in 1987 at two sites of the ISEA network [Sasagawa et al., 1989] . In this paper, based on the uplift rate data in SE-AK, the gravity change rates obtained from the ISEA network and including the Sasagawa et al. [1989] data, we will discuss the results of a comparison of the observed gravity and uplift rates in SE-AK with the predicted rates obtained using three kinds of ice models for the three different ages of the LGM, the LIA and the PD. We will also discuss the viscous ratio of À0.154 mGal/mm mentioned above by comparing with the observed ratios.
Observed Data
[6] Figure 1 shows a contour map of uplift rates based on a set of newly reprocessed GPS solutions at 143 sites (blue diamonds) and the locations of 6 AG sites (red filled circles). These GPS solutions include a number of improved models compared to our earlier work, including the use of Figure 1 . Absolute gravity sites of the ISEA project (red circles with station codes) and the contour map of the uplift rates (unit is mm/yr), which is produced using the vertical velocity rates observed at 143 GPS sites (blue diamonds).
consistently reprocessed orbit and clock products from JPL, absolute phase center models, the GMF tropospheric mapping function [Boehm et al., 2006] , and ocean tidal loading models computed with the Earth center of mass reference frame [Fu et al., 2011] . Based on Argus et al. [2010] , the velocities are corrected for the estimated geocenter translation rate of ITRF. The coordinates of the 6 AG sites are shown in Table 1 . Table 2 shows the GPS sites which are used for the comparison with the AG data.
[7] The AG observations were carried out using the same FG5 absolute gravimeter (i.e., FG5#111), which was manufactured by Micro-g LaCoste Inc. and is owned by the University of Colorado [Bilham and Sasagawa, 1994] . In order to reduce the effects of seasonal gravity variations, the observations were done at the same time of year (i.e., from late June to early July of each year). At each of the 6 AG sites, the gravity measurements were conducted over more than two days, with at least 100 sets acquired, including 100 free-fall drops per set. Thus the gravity value at each site was determined using the data more than 10,000 drops. The drop data were processed by the g-soft program provided by the manufacturer.
[8] Details of the AG measurements and the data processing are described by Sun et al. [2010] .
Long-Term Gravity Changes at HNSG and BRM
[9] At the two sites BRM and HNSG, a group from IGPP at the University of California, San Diego had conducted AG measurements in 1987 with the AGM-1 gravimeter, a prototype of the FG5 absolute gravimeter [Sasagawa et al., 1989] . Figure 2 shows the comparison between the 1987 AG data and our data. Based on a comparison measurement with an FG5 gravimeter, which was carried out in 1996 in California, Sasagawa and Zumberge [1997] estimated the systematic error (offset) of the AGM-1 to be 19 AE 1 mGal. First, this systematic error of AGM-1 was corrected by subtracting 19 mGal from the AG values given by Sasagawa et al. [1989] . Next, for consistency in the measuring height with our AG values obtained with FG5#111 (i.e., 1 m above from the floor), we converted their values on the floor to those at the same height with us by using a measured vertical gravity gradient (unit: mGal/cm).
[10] The gravity gradient at each site was measured with a LaCoste-Romberg gravimeter (G-248) of UAF. In order to ensure the accuracy of the gravity gradient value used for the conversion, the final gradient values were determined from 6 pairs of round-measurements [Sun et al., 2010] . The 1-s formal error of the mean gravity gradient measured at each site is estimated to be at the order of AE0.01 mGal/cm (T. Sugano, personal communication, 2010) . Table 3 compares the gravity gradients at the two sites of BRM and HNSG, which were measured by Sasagawa et al. [1989] and by the ISEA project. For BRM, the two gradient measurements agree within measurement error, but at HNSG they differ significantly. As shown in Figure 2 , the AG values at BRM and HNSG measured in 1987 agree with the estimated linear trends, when we adopt the vertical gravity gradient measured by the ISEA project for HNSG instead of that given by Sasagawa et al. [1989] . The difference at BRM is small, because of the small difference in the gradient values between two measurements (see Table 3 ). Table 4 shows a summary of the observed mean gravity values and rates at the 6 AG sites. As mentioned in the previous section, all gravity values are converted to those at the height of 1 m above from the floor. We reevaluated the gravity rates by using the uncertainties as a weight of the fitting. The difference in the treatment of errors in the fitting is a reason for the difference in the gravity rates shown by Sun et al. [2010, Table 3] and Table 4 . However, the difference between two estimations is less than 0.1 mGal/yr at all AG sites. The mean gravity rates over the 6 sites are À4.50 AE 0.76 mGal/yr and À4.30 AE 0.92 mGal/yr for the cases of only using the data obtained in the period of 2006-2008 and simultaneously using the data in 1987 with our data, respectively.
Model Computations

PDIMC Models and Effects of PDIMC
[12] Accuracy of the estimation of PDIMC effects affects the discussion of the viscoelastic effects based on the observed rates [e.g., Sato et al., 2006] . The computation method used here is similar to that described by Sato et al. [2011] . Thus, according to Farrell [1972] , we estimated the effects of PDIMC on the observed gravity and uplift rates by convolving the ice mass loads with the elastic loading Green's function over the glacier masses. Computations are done using a modification of a program code called 'GOTIC' [Sato and Hanada, 1984] . Unlike the effects of past ice loss, in the gravity effects of PDIMC, we should consider not only the effects of the elastic deformation but also the changes in the Newtonian attraction due to the ice mass changes. The computation for the attraction part is sensitive to the relative locations of the observation site and the loading mass. We took this into account in the convolution integral using the elevation data given in the ETOPO2 digital elevation model (http://www.ngdc.noaa.gov/mgg/ global/etopo2.html) as the ice surface elevations, and we computed the effects of the thickness change (m/yr) at the height of each grid point given by the PDIMC models.
[13] An advantage of the integration method used in GOTIC is that we can avoid a singularity in the convolution for the case in which the locations of the observation site and the loading point are the same. This is important to maintain the computation accuracy, especially for the Newtonian attraction part. The grid size of the ice model discretization also contributes to the computation errors. The original ice mass loss rate data were averaged with a longitude-latitude grid of 0.083°by 0.042°, so that each grid is approximately a 4.6 km by 4.7 km square (at 60°N latitude). The Green's functions of the orders up to 10,000 in harmonic degrees are used for the computations. So, the minimum loading distance represented with the Green's function is about 0.036°, smaller than the grid size of 0.042°. The Green's functions for the Earth model PREM [Dziewonski and Anderson, 1981] are used in the computation.
[14] Sato et al.
[2011] discussed the sensitivity of the estimated uplift rates to the PDIMC models. We also tested this for the gravity rates. Two present-day ice mass-loss rate compilations, which are respectively called here the UAF05 and UAF07 models, are used for the test. UAF05 was constructed mainly based on Arendt et al. [2002] , and it was also used in GJI04 and EPSL05. UAF07 was obtained from differencing two digital elevation maps (DEMs): the 2000 Shuttle Radar Topography Mission (SRTM) and the USGS NED DEM based on aerial photos dating from 1948 to 1987 [Larsen et al., 2007] . The UAF07 model is based on a more complete elevation change data set, with less regional extrapolation than UAF05. In addition, there is a difference of about 15 years in the mean epochs between two PDIMC models, with the UAF07 model including more recent data.
The Past-Ice Mass Change Models and Their Effects 3.2.1. Effects of LIA Ice Loads
[15] The effects of unloading after the LIA are estimated basing on the melting history described in GJI04 and EPSL05. At the peak of the LIA, the GB area was covered with glaciers more than 1.5 km in thickness (e.g., EPSL05). Glaciers began to wane after the peak of the LIA in the middle of the 18th century, and this thick ice coverage in Glacier Bay underwent a rapid retreat [e.g., Molnia, 2008; The gravity rates obtained by simultaneously using the gravity data in 1987 [Sasagawa et al., 1989] and our data for the 3 years. Error of "mean" shows the standard deviation of the mean value. Three crosses indicate that the error of this case is not estimated, because the rate of BRM is determined only using 2 data in 2006 and 2007. GJI04; EPSL05]. As shown in Figure 8A of GJI04 and Figure 5A of EPSL05, their loading models for the post-LIA period consists of two kinds of ice loads, five disks for the GB load of the diameter of 0.4°or 0.8°and 531 disks of mean diameter 0.2°for the other regional glaciers and ice fields in SE-AK. The regional model includes the recent accelerated wastage starting on around 1995 [Arendt et al., 2002] .
[16] The computations were done using a computing code called 'TABOO," which is based on an incompressible GIA modeling with a layered Maxwell body [Spada et al., 2003 [Spada et al., , 2004 . We assume here that, for both GJI2004 and EPSL2005, all of the loadings by the post-LIA ices were terminated to zero in the year 2000, and we computed the unloading effects in the year 2005, so that the computational results do not include the effects of elastic deformation and the change in the Newtonian attraction due to the past loads, because these effects were computed separately with the PDIMC model. The original TABOO code does not include the computing routine for the time variation in gravity anomaly g(t) and its time derivative dg(t). We compute g(t) and dg(t) by referring to Peltier [1974, equation (65) ], which represents the viscous parts of the impulse response for the gravity anomaly, and by using the related quantities obtained by the TABOO code, for example, the time convolutions and their time derivatives between the load Love numbers h n (t) and k n (t) of the harmonic degree n and the melting history of each of the 536 disk loads. As shown by Sato et al. [2011, Figure 4 ], the computation results for the convolution integral almost reach to its final value at around the harmonic degree of 130. For safety, we also used a maximum harmonic degree of 480.
Effects of Post-LGM Unloading
[17] The effects of post-LGM ice unloading were computed using the ICE-3G model [Tushingham and Peltier, 1991] and using the modified TABOO code explained in the previous section. As with the effects of LIA, we computed the viscoelastic effects in 2005 AD. The effects of the LGM are small in SE-AK for both the uplift and gravity. At any of the 6 AG sites, the model rates are on the order of 1-2 mm/yr for the uplift rates and less than 1 mGal/yr for the gravity rates. SE-AK is located far from the main Laurentide ice sheet, and the Cordilleran ice sheets in SE-AK had mostly melted by 8 ky BP. This is a completely different situation from the Hudson Bay region [e.g., Sella et al., 2007] . The small magnitude of the effects of LGM also means that the differences between different GIA models are not significant for this region.
Results for Model Computations
[18] We have compared two kinds of the viscoelastic Earth models. One is the 2-layer model used in the papers by GJI2004, EPSL2005 and Sato et al. [2011] , and the other is a model having 4 viscoelastic layers. The layered parameters are shown in Table 5 for the 2-layer model and the 4-layer model. Table 6 compares the c 2 values of the residuals for the GPS data by obtaining from the different combinations of the two Earth models of the 2-layer and 4-layer and the PDIMC ice loss models of UAF05 and UAF07. As shown in Table 6 , the c 2 values obtained using the 4-layer model are smaller than those obtained using the 2-layer model in all cases using UAF05 and UAF07 models. So we use here the results obtained by the 4-layer model in our discussions. The density and elastic structure of the model are taken from PREM.
[19] As shown in Table 6 , the magnitude of the estimated c 2 of the residuals depends on not only the viscoelastic Earth model but also the PDIMC model used in the computations. Therefore, we also examine the sensitivity of the observed gravity rates to the PDIMC models. Table 7 shows the comparisons between the observed uplift rates and the model predictions using the UAF05 and UAF07 models. Table 8 shows the comparison results for the gravity rates.
Estimation of Viscous Ratios
[20] We estimated the viscous portion of the ratio of the observed gravity rate to the uplift rate (unit: mGal/mm) by removing the computed PDIMC effects from the observed rates (hereafter we call the corrected ratio the "viscous ratio"). Table 9 shows the viscous ratios which were obtained by correcting for the PDIMC effects using the UAF05 model or the UAF07 model.
[21] Figure 5 plots the observed viscous ratios at the 6 AG sites given in Table 9 with the model values. Six kinds of the viscous ratios are plotted; (1) Blue filled circles: the viscous ratios corrected using UAF05, (2) Red filled circles: the ratio corrected using UAF07, (3) Blue open circle: the mean of (1), (4) Red open circle: the mean of (2), (5) Green open circle: the ratio estimated using both the LGM and LIA ice models, and (6) Purple filled circle: the ratio estimated only using the LIA ice model. The error of the observed viscous ratios was estimated basing on the errors shown in Tables 7  and 8 for the uplift rates and the gravity rates, respectively.
Discussions
Observed Gravity Rates
[22] Figure 2 indicates (1) the high reliability of the AG measurements for detection of the long-term gravity changes due to GIA, (2) the importance of examining precisely the systematic error in the AG instruments and (3) the importance of measuring the vertical gravity gradient as precisely as possible in order to determine the long-term gravity rate from the data obtained from AG instruments with the different measuring height and at different times.
Comparison of Observed Rates With Model Predictions
[23] Figures 3a and 3b plot the uplift rates shown in Table 7 . Figures 3c and 3d plot the gravity rates shown in Table 8 . Except for 1 or 2 sites (the number depends on the components), the model predictions recover both the uplift and gravity rates observed from the AG and GPS within their mean observation errors (i.e., AE2.1 mGal/yr and AE2.3 mm/yr, respectively) as the sum of the effects of ice loss using the three kinds of ice models for the ages of LGM, LIA and PD.
[24] The mean values of the residuals, which are shown in the column named 'Mean' of Tables 7 and 8, indicate that the magnitude of the mean values is clearly improved by using UAF07 model instead of UAF05 (i.e., 4.1 and 3.5 times Results obtained by simultaneously using our data for 3 years with the data in 1987 by Sasagawa et al. [1989] . b Rates and their errors obtained by simultaneously using our AG data for 3 years with the data in 1987 by Sasagawa et al. [1989] .
in the mean magnitudes of residuals for the uplift and gravity, respectively). Since, in general, a small mean value of the residuals may reflect a small systematic error, it suggests that the model predictions using UAF07 are much more consistent with the observations than those using UAF05.
[25] The major difference between the two models is that UAF07 is based on a much more complete set of elevation changes, and requires much less regional extrapolation than UAF05. Moreover, the difference in the mean epoch of the ice data used to construct respective models may contribute.
Since UAF07 is younger than UAF05 by about 15 years, UAF07 represents the effects of PDIMC that are much closer to the present-day than UAF05. The difference in the gravity rates at the two sites BRM and HNSG shown in Table 4 suggestive that it does. At both sites, the gravity rates estimated from the recent data for the period of 2006-2008 are slightly larger (by about 5%) than those obtained from the data over the past 20 years.
[26] As shown in the column named 'Contribution of PDIMC' of Tables 7 and 8, for any cases of the uplift and gravity and for all sites, the magnitudes of the contributions of PDIMC estimated using UAF07 is larger than those using UAF05. On average, the contributions of PDIMC effects are 16% and 23% of the observed uplift rates and 25% and 34% of the observed gravity rates for the cases using UAF05 and UAF07, respectively. The differences in the magnitudes of the contributions and the residuals mentioned above indicate that the GPS and AG observations surely detect the recent increase of the ice mass loss in SE-AK. On the other hand, the difference in the magnitude of the contribution of PDIMC between the uplift rates and gravity rates may show the high sensitivity of the gravity due to the contribution of its attraction part.
[27] From the comparisons between the observations and the model predictions, we can say that the rates detected from the AG and the GPS are consistent with each other, even though the effects of the ice changes are different between the two observations. However, for both the uplift and gravity, a relatively large difference between the observations and the predictions, especially in the gravity rate, is observed at GBCL. The exact reason for it is not clear yet, but, as pointed out by Sun et al. [2010] , the error in the PDIMC models is probably one of the error sources in this study, because recently very rapid glacier retreat is observed in Alaska including SE-AK [e.g., Larsen et al., 2009; Luthcke et al., 2008] . We will discuss about other possible reason in section 4.5.
Lithospheric Thickness and Asthenospheric Viscosity in SE-AK
[28] Our previous studies based on uplift data [GJI04; EPSL05; Sato et al., 2011] require a thin lithosphere and a low asthenospheric viscosity beneath SE-AK to explain the observed large uplift rates there. Since, as shown in Figure 3 , the viscoelastic effects of post-LIA ice loss are far larger than the effects of the LGM, we examined the sensitivities of the computed gravity rates to the lithospheric thickness and the asthenospheric viscosity based on the post-LIA ice model, and compare with the uplift rates.
[29] Figures 4a and 4b show examples of the results for the sensitivity tests. Here, Figures 4a and 4b show the two cases respectively obtained assuming 60 km and 120 km as the thickness of the lithosphere. For the viscosity changes, both the obtained uplift and gravity rates are monotonically decreasing with an increase of the assumed asthenospheric viscosity. On the other hand, for the thickness of lithosphere, as shown by Sato et al. [2011, Figure 8] , the c 2 values rapidly increase at the ranges exceeding 60 AE 10 km. Corresponding to this, the comparison between Figures 4a and 4b clearly indicates that 120 km is too thick for any athenospheric viscosities tested here to explain either of the observed gravity rates and the observed uplift rates. Moreover, the results shown in Figure 4 and Table 8 indicate that the rheological structure beneath SE-AK inferred from the GPS data is also a good model for the gravity data.
Observed Viscous Ratio in SE-AK
[30] As shown in Figure 5 , the scatter of the viscous ratio estimates using the UAF07 model is remarkably reduced compared with that obtained using the UAF05 (by a factor of $2). The mean values of the model viscous ratios are À0.166 mGal/mm and À0.171 mGal/mm for the cases estimated using two effects of the LIA and LGM and only using the effects of the LIA, respectively. The mean values obtained from the model computations are closer to the ratio estimated from the observed rates corrected using the UAF07 PDIMC model rather than that using the UAF05 model, although they are within overlapping error ranges.
[31] The estimated viscous ratios in SE-AK are sensitive to not only the PDIMC model used for the correction but also to the distance between the AG site and the GPS site used for the comparison, because of the large spatial gradient of the uplift rates. For example, for the GBCL AG site, the ratio changes from À0.21 mGal/mm to À0.29 mGal/mm, if we use the GUS2 GPS site (distance: 11 km) instead of BCT5 (distance: 0.67 km) that is used here. Using the uplift rate at BCT5 gives a value that is in better agreement with other sites, and consequently the variance of the mean viscous ratio is improved.
[32] Figure 6 shows the predicted time variation of the viscous ratios between 2005 and 12,005, computed using the melting history of the post-LIA model. The viscous ratios increase with time, and they approach À0.154 mGal/mm. As described in section 3.2.1, our computation of the viscoelastic effects using the TABOO code is based on the Maxwell model and incompressible Earth. A possible reason for the consistency between À0.154 mGal/mm and our value at around 12005 AD may be due to a property of the Maxwell body, pointed out by Fang and Hager [2001] . Fang and Hager [2001] concluded that the non-elastic response of the Earth is nearly incompressible for the Maxwell Earth.
[33] Regarding the effect of the Earth's compressibility, Tanaka et al. [2009] examined its effect on the computation of surface loading. Their results for the comparison between the compressible and incompressible cases indicate; (1) The difference in the horizontal component is larger than that in the vertical component, (2) In the time rates of the Love numbers h and k, which relate to the vertical components, the differences are dominant for the integration time within 1-3 kyr, (3) The differences quickly decrease with a lapse of time for any spherical harmonic degrees between n = 2 and 150 that they tested, and (4) For the time range larger than 10 kyr, the differences between two cases are less than 10% [see Tanaka et al., 2009, Figure 4d] . Figure 6 may reflect these conditions.
[34] Since the effects of the compressibility depend on not only the integration time but also on the harmonic degrees, it is not easy to say the magnitude of the effects of compressibility in our case, however, there is a possibility that ignoring the effect of the Earth's compressibility may make an error at the order of 10-25% in our model estimations.
Related to this, it may be worthwhile to note that the effects of compressibility are dominant in the early stage of the relaxation of the loading. The computation with the compressible Earth model may be important on our estimation of the PDIMC effects.
[35] For the model computation, the TABOO code used here does not treat the components of the degrees 1 [Spada, 2003] . As well as the effects of the compressibility, the difference between the case with the degree 1 component and that without it is dominant in the early stage of the relaxation [Spada et al., 2011] . Improving model computations, which are taken into account the compressibility of the Earth and the degree 1 harmonics, are a remaining problem for further study.
Effects of the Seasonal Changes in Hydrology and Cryo-Sphere
[36] The seasonal effects due to the changes in hydrology and cryo-sphere, which are not corrected here, should be an error source in our discussions based on the data that were mainly obtained from observations made in a campaign style. In order to reduce these effects, most of the AG and GPS measurements were carried out during the summer season. Especially, the AG observations, which are sensitive to the position of the mass, were carried out at the same time of each year (i.e., from late June to early July of each year).
[37] As an example, Figure 7a shows the time series of the displacements observed at the Plate Boundary Observatory continuous GPS (CGPS) site AB50, which is used for the comparison with the AG observation at the MGVC site. Both sites are located beside the Mendenhall glacier (distance: about 2 km) and the Mendenhall lake (distance: about 0.4 km). We observe in Figure 7a clear seasonal changes in the vertical displacement with an amplitude of about 24 mm in peak-to-peak. For the data of CGPS, the trend component was estimated by fitting a model that consists of the three components of the annual, semiannual and linear trend. We obtain 11.47 AE 0.22 mm and 273.2 AE 1.1 degrees for the annual amplitude and phase at AB50. Thus, the plus and minus peaks of the annual change appear at the early autumn and the early spring, respectively. Figure 7a indicates also Figure 5 . Comparison of the viscous ratios corrected using two PDIMC models of UAF05 and UAF07. Six kinds of the viscous ratios are plotted: (1) blue solid circles, the observed viscous ratios corrected using UAF05; (2) red solid circles, the observed ratio corrected using UAF07; (3) blue open circle, the mean of the blue solid circles; (4) red open circle, the mean of the red solid circles; (5) green open circle, the ratio estimated using both the LGM and LIA ice models; and (6) purple solid circle, the ratio estimated only using the LIA ice model. that the observed seasonal amplitudes are almost stable over the period of 5 years. Similar tendencies are observed at other CGPS sites. Related to this, the GRACE mascon solutions by Luthcke et al. [2008] show a good spatial coherency in the phases of the seasonal mass changes in the glacier regions of the Gulf of Alaska [see Luthcke et al., 2008, Figure 3] .
[38] Figure 7b plots the data at a campaign site BCT5, which is used for the comparison with the AG observation at the GBCL site. As expected from Figure 7a , the deviations of the observed height data from the fitted linear curve are small for the data obtained in the middle of each year. The data for the vertical component in 2009.7 show a relatively large shift by about 13 mm to the positive direction. It is an effect of the seasonal variations, as the measurements were made closer to the peak seasonal uplift. As indicated by the formal 1-s error of the estimated uplift rates shown in the column named 'Error' of Table 7 , possible systematic errors due to the effects of non-corrected seasonal variations are remarkably reduced by our observation strategy and by using the data obtained over 4 years or more than it. However, as shown in Table 2 , compared with other sites, the data span of the GPS measurements at BCT5 is 3.1 years. This short data span and the seasonal effects shown in Figure 7b may contribute to the relatively large differences between the observation and the model prediction at GBCL as well as the case of the gravity measurements. In order to figure out the definite reason of the difference at GBCL, it is necessary to conduct more AG and GPS measurements.
[39] Lambert et al. [2006] , who analyzed the AG data obtained over nearly a decade at 10 sites in North America, found that the seasonal variations are very small at a site which satisfies the following conditions: (1) a rocky environment, where the soil does not saturate, and (2) the proximity to the ocean, where rapid run-off of the soil moisture is expected. RSLG and GBCL satisfy both these conditions. Figure 2 indicates that the systematic errors at BRM and HNSG due to the effect of the seasonal variations on our estimation of the gravity rates may be less than the observation errors; the data in 1987 were obtained during the same season (i.e., June).
Effects of Tectonic and Post-Seismic Deformations
[40] It is known that SE-AK is a tectonically active area. However, the tectonic effect is expected to be small in the vertical component. In most of the study area, the vertical tectonic deformation has to be much smaller than the deformation due to the GIA, because the area is dominated by strike-slip motions [Elliott et al., 2010] . In fact, for most of the AG sites used in this study, the vertical velocities are several times larger than the horizontal ones. Although the post-seismic effects of the 1964 earthquake of M w 9.2 are large within its rupture zone and above the mantle wedge of the subduction zone, the area shown in Figure 1 is more than 400 km away from the end of the rupture zone and is far from the mantle wedge. The values for the shear modulus and the viscosity of the asthenosphere used here and in postseismic studies are not so different [e.g., GJI2005; EPSL2005; Sato et al., 2011; Suito and Freymueller, 2009; Ali and Freed, 2010] . If we use the values shown in Table 5 , the relaxation time in SE-AK is estimated to be at the order of 3 to 5 years. This short relaxation time means the post-seismic deformation related to earthquakes in SE-AK will decay rapidly. The distance from the 1964 earthquake makes its effect small here.
[41] Using a 3-D viscoelastic finite element model, Suito and Freymueller [2009] computed the effects of the viscoelastic and afterslip postseismic deformations following the 1964 Alaska earthquake. Figure 8 shows the contour maps of the horizontal rates (Figure 8a ) and the vertical rate (Figure 8b) , which are based on the numerical data obtained by Suito and Freymueller [2009] (J. Freymueller, personal communication, 2011) . Although the SE-AK area is not included in their model computations, the contour maps indicate that the rates related to the post-seismic deformation in our study area are smaller than 1 mm/yr and 0.5 mm/yr for the horizontal and vertical components, respectively. Using also the 3-D viscoelastic Finite Element Model, Ali and Freed [2010] estimated the horizontal rates in Southern Alaska (including the area of SE-AK) due to the contemporary deformations associated with the four large events prior to the 2007 M7.9 Denali quake. According to Ali and Freed [2010, Figure 2] , except for the Yakutat block, the horizontal rates obtained by combing the three deformations of the interseismic, the viscoelastic relaxation and the afterslip are estimated to be at the order of 2 mm/yr in amplitude in SE-AK. In this connection, the amplitude of 2 mm/yr for the horizontal rate is consistent in magnitude with the velocity of the GB block estimated by Elliott et al. [2010] , which was obtained from the GPS data by correcting for the GIA effects.
[42] If we take the ratio of the vertical displacement rates to the horizontal ones of the data by Suito and Freymueller [2009] , we obtain a value of 0.24. Using this ratio and the horizontal rate of 2 mm/yr by Ali and Freed [2010] gives a rate of 0.48 mm/yr as the uplift rate due to the effect of the seismic deformations in SE-AK. If we use a value of À0.1933 mGal/mm for the Bouguer corrected gravity gradient to the vertical crustal motion (i.e., À0.3086 mGal/mm for the Free-air gradient and +0.1153 mGal/mm for the Bouguer gradient with a crustal density of 2750 Kg 1 m
À3
(granite)) and the vertical rate of 0.48 mm/yr, we obtain a gravity rate of À0.09 mGal/yr as the effect of the postseismic deformations.
[43] If we systematically subtract these rates from the uplift and gravity rates corrected for the PDIMC effects shown in Table 9 , we obtain the viscous rates of À0.206 AE 0.092 and À0.183 AE 0.053 in unit of mGal/mm for the cases respectively using the PDIMC models of UAF05 and UAF07. These ratios are almost same in magnitude as those shown in Table 9 ; the difference is less than 1% of the value.
Effects of the Oceans
[44] Among the effects of the oceanic variations, those of ocean tide loading (OTL) are significant signals in both the AG and GPS observations in SE-AK. Errors in the OTL models will cause an error in the observed rates, because most sites are located within a few km from the coast and Figure 8 . Post-seismic displacements caused by the 1964 Alaska earthquake of M9.2. The contour maps of (a) the horizontal rates and (b) the vertical rates. The data are taken from the model computations by Suito and Freymueller [2009] . Black and white bar shows the horizontal scale in km. most of our data were obtained from the campaign observations. The OTL models based on open ocean tide data from the satellite altimetry poorly predict tidal effects in SE-AK, due to the complex topography and bathymetry and long glacial fjords [Sato et al., 2008; Inazu et al., 2009] . The OTL models built into the g-soft program share the same limitation. Sun et al. [2010] show that using a newly developed regional ocean tide models [Inazu et al., 2009] for the correction remarkably improves the SD of the set gravity residuals (by more than 50%). Improvement likely could be made in the GPS time series used in this study, although the effects are most likely smaller.
[45] Global sea level changes also affect our uplift and gravity rates. Church and White [2011] analyzed satellite altimeter data for 1993-2009 and data from coastal and island sea level measurements for 1880-2009, and they obtained 3.2 AE 0.4 mm/yr from the satellite data and 2.8 AE 0.8 mm/yr from the in situ data as the rates of global average sea level changes after correcting for the GIA effects. Gehrels [2010, Figure 4 ] indicates similar magnitude in the present-day global sea level change. We estimate the trend in ocean loading from global sea level rise in a similar way to the computation of the OTL effects. For this, we assumed that the oceans are globally rising with a rate of 3 mm/yr. Although the magnitude depends on the geographical conditions of site, the effects are estimated to be within the ranges of 0.08 to 0.11 mm/yr and À0.11 to À0.12 mGal/yr. If we subtract 0.11 mm/yr and À0.12 mGal/yr from the rates shown in Table 9 , we obtain ratios of À0.198 AE 0.088 mGal/ mm and À0.183 AE 0.053 mGal/mm for the cases using the PDIMC models of UAF05 and UAF07, respectively.
[46] On the other hand, Tamisiea [2011] studied ongoing glacial isostatic contributions to the observations of sea level, and they find that GIA produces a small systematic contribution to the altimetry estimations with a maximum range of À0.15 to À0.5 mm/yr, which is similar in magnitude to that obtained by Peltier [2009] . Bromirski et al. [2011] , who studied the relation between the PDO (Pacific Decadal Oscillation) regime related to the ENSO (El Niño-Southern Oscillation) and the sea level change, find that the sea level rise along the Pacific coast of North America (including the SE-AK area) has been dynamically suppressed since 1980. Moreover, the sea level change shown by Gehrels [2010, Figure 4 ] is considered to be mostly a steric one. Therefore, there is a possibility that our estimation of the effects of the sea level change on our observations might be an over estimation.
[47] Last, as described in section 4.5, the GRACE mascon solutions show a good spatial coherency in the phases over the SE-AK area [Luthcke et al., 2008] . On the other hand, as described in section 4.7, it is known that, due to the complex topography in this area, the ocean tides are largely deformed from those based on the satellite data. Similar situation may be considered in the gravity variations in SE-AK observed from the satellite gravimetry. Therefore, it is important to validate the amplitude of the satellite data with the observations on the ground. In order to obtain a better correction value for the seasonal change to the AG and GPS observations, it should give us useful data to carry out a collocated observation with the AG meter and GPS in SE-AK at a frequency of once every 10 days or once every month over one year, for instance. This kind of data should also provide useful information to increase the accuracy of the discussion of the GIA effects and of the viscous ratio.
Summary
[48] The comparisons between the observations and the model computations indicate that both the gravity and uplift rates obtained from the model predictions are consistent with the observed rates at most sites compared here. Although there are several remaining problems in our model estimations, we can say that, at least, results of the comparison of the observed viscous ratios with model predictions indicate that the observations detect an early stage of the viscoelastic relaxation mainly due to the effects of the post-LIA unloading. Our results also suggest that the viscous ratios depend on the regional history of wastage of glaciers and the ice fields. It may be a point to be noted when applying a method proposed by Wahr et al. [1995] to separate the effects of past and present unloading in geodetic observations.
[49] Most of the AG and GPS data used here were obtained from observations made in campaign style and all carried out during the summer season. The agreement between the observations and model predictions indicates that seasonal effects of the hydrology and the cryo-sphere, while substantial, have been minimized by our observational strategy and we consider that the uncorrected effects do not so seriously affect that we must change our conclusions. Of course, improving the estimation of seasonal and inter-annual effects is important and it is desired in order to reduce a possible ambiguity in our discussions. It is also a key to constrain possible lateral variations in the viscoelastic structure beneath SE-AK from the GPS and gravity observations.
[50] Gravity data obtained from satellite missions such as GRACE and GOCE and the data for ice changes observed from SAR technique will greatly improve the accuracy of the estimations of the seasonal and intramural effects due to the changes in the hydrology and cryo-sphere. For the model computation, it is needed to examine our results by comparing with the computations took into account the Earth's compressibility and the degree 1 deformation. These remain for the further studies.
